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Abstract 
Acaricides are used to treat honey bee (Apis mellifera L.) colonies to control the varroa mite (Varroa 
destructor Anderson & Trueman), a worldwide threat to honey bee health. Although acaricides con-
trol a serious honey bee parasite and mitigate bee loss, they may cause harm to bees as well. We 
topically applied five acaricides, each with a different mode of action, to young adult queen and 
worker bees to generate dose-response curves and LD50. Twenty-four hours after treatment, queens 
were found to be three times more tolerant of tau-fluvalinate and six times more tolerant of thymol 
than workers when adjusted for body weight differences between workers (108 mg) and queens (180 
mg). Queens survived the highest administered doses of fenpyroximate (1620 μg/g) and coumaphos 
(2700 μg/g) indicating that queens are at least 11-fold more tolerant of coumaphos and at least 54-
fold more tolerant of fenpyroximate than workers. However, queens treated with as little as 54 μg/g 
of fenpyroximate exhibited reduced survival over 6 wk after treatment. Amitraz was the only acari-
cide tested for which queens were not more tolerant than workers. The striking difference in acari-
cide tolerance of queen and worker honey bees suggests physiological differences in how the two 
castes are affected by xenobiotics. 
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The eusocial honey bee lives in a colony in which a single mated queen is mother to thou-
sands of semisterile female workers. Genetically identical female eggs may develop into 
either a queen or a worker depending only on their diet. Queen and worker larvae receive 
different diets (Beetsma 1979), with queen larvae receiving a blend of larval food that in-
cludes the protein royalactin that results in a faster growth rate, larger body size, and in-
creased ovary development (Reginato and Cruz-Lamdim 2003, Kamakura 2011). Adult 
workers and queens differ physiologically in their energetic and metabolic requirements, 
their susceptibility to pathogens, and the circulating proteins found in the hemolymph 
(Chan et al. 2006). Despite pronounced differences between the castes, there is little infor-
mation on how queens and workers differ in their tolerance of pesticides in general, or to 
the in-hive acaricides used by beekeepers to control the ectoparasitic mite Varroa destructor 
Anderson & Trueman. 
The widespread distribution of Varroa mites poses a global threat to honey bee colony 
health (Sammataro et al. 2000). Varroa mites weaken the hive by consuming hemolymph 
from pupal and adult bees and by transmitting viruses that may increase colony suscepti-
bility to both abiotic and biotic environmental stressors (Shen et al. 2005). Many honey bee 
colonies infested with Varroa mites perish without beekeeper intervention (Kraus and Page 
1995, National Acad. of Sciences [NAS] 2007). While labor-intensive alternatives to chem-
ical control exist (Sammataro et al. 2000, Charriére et al. 2003, Imdorf et al. 2003) many 
beekeepers rely on acaricides to protect their colonies. The widespread detection of acari-
cide residues in beeswax (Mullin et al. 2010) serves to demonstrate the widespread use of 
acaricides and indicates that the exposure of bees to these compounds may continue long 
after acaricide treatment has ceased. 
Acaricides used to control Varroa include compounds with different modes of action 
including a cholinesterase inhibitor (coumaphos), a Na+ channel agonist (tau-fluvalinate), 
an octopaminergic agonist (amitraz), and a mitochondrial electron transport inhibitor 
(fenpyroximate). Natural products have been successfully used as acaricides as well, such 
as blends of essential oils including the monoterpenoid thymol (Johnson et al. 2010) that 
acts as a GABA modulator in humans and flies (Drosophila melanogaster [Meigen] and Phae-
nicia sericata [Meigen]) (Priestley et al. 2003, Waliwitiya et al. 2010). 
A vast majority of laboratory-based research on honey bee toxicology has been per-
formed using worker bees, as mandated for pesticide registration requirements (U.S. En-
vironmental Protection Agency 1996, Fischer and Moriarty 2011), with only a few studies 
examining the field effects of acaricide exposure on queens (Haarmann et al. 2002, Pettis et 
al. 2004). We sought to generate LD50 statistics for queens that would be comparable to 
those commonly generated for workers in laboratory assays using five different acaricides: 
amitraz, coumaphos, fenpyroximate, tau-fluvalinate, and thymol. Additionally, unmated 
treated queens were monitored for 6 wk after treatment to assess the effects of single-dose 
acaricide exposure on queen longevity. 
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Materials and Methods 
 
Honey bee colonies and queen banks were located at the University of Nebraska–Lincoln 
East Campus (Lincoln, NE). The same colonies supplied larvae selected through grafting 
to become queens were used for rearing queen cells and supplied adult workers for paral-
lel bioassays conducted from April through September 2010. All colonies were requeened 
in April 2010 with Italian queens obtained from C. F. Koehnen & Sons, Inc., Glenn, Cali-
fornia. Bacterial brood diseases and Nosema were prevented with oxytetracycline as Terra-
mycin (Pfizer, New York) and fumagillin as Fumadil B (Medivet Pharmaceuticals, High 
River, Alberta, Canada) applied according to label instructions in March 2010. Thymol as 
Apiguard (Vita, Basingstoke, United Kingdom) and oxalic acid (Fischer Scientific, Roches-
ter, New York) were the only acaricides used in the apiary to control Varroa populations 
during the 4 yr prior, with the last application in the fall of 2009. 
Queens were reared using methods described by Doolittle (Laidlaw and Page 1997) in 
which individual 12–24 h old worker larvae were grafted into plastic cups (JZ BZ Base 
Mount Cell Cups, Mann Lake Supply, Ltd., Hackensack, Minnesota). Ripe capped queen 
cells were placed into queen confinement cages (QC-115, Mann Lake Supply) and a small 
drop of queen candy (1:1 honey and confectioners’ sugar) was placed in the base of each 
individual cage to ensure that newly emerged virgins had access to food until they became 
attractive to workers (≈4 d). As many as 60 caged queen cells were placed in a queen bank 
to emerge. Queen banks consisted of four or five frame nucleus colonies stocked with 1 kg 
of worker bees (Laidlaw and Page 1997). Frames of larvae were added weekly to maintain 
colony strength and frames were inspected twice per week to remove any uncaged queen 
cells. 
Worker bees were emerged from frames filled with late-stage capped brood in a dark 
32–34°C incubator. Newly eclosed bees were brushed from frames daily and placed inside 
an 8-mesh screen-wooden cage (15.25 cm: 10.15 cm: 17.75 cm) (l:w:h). Caged worker bees 
were provided 1:1 sugar-water, stored in an incubator at 32–34°C, and maintained for 3–4 
d before pesticide application. 
Technical grade chemicals were used for all trials. Amitraz, coumaphos, fenpyroximate, 
and tau-fluvalinate were purchased from Chem Services Inc. (West Chester, Pennsylva-
nia). Thymol was purchased from Aldrich (Milwaukee, Wisconsin). ACS grade acetone 
(Fisher, Pittsburg, Pennsylvania) was used to dilute all chemicals and was applied to bees 
in pure form as a solvent control. 
Bioassays were conducted using methods described by Johnson et al. 2006. A range of 
acaricide concentrations were made through serial dilutions in acetone on the day of treat-
ment for queen bioassays, and up to a month prior, with storage at –20°C, for worker bio-
assays. 
Queen bioassays were performed on a minimum of 15, 2- to 5-d old adult virgin queens 
removed from queen banks for no >1 h. Queens were briefly anesthetized with CO2 and 
treated topically on the thoracic notum in two 1 μl applications using a 50 μl syringe fitted 
to a repeating microapplicator (PB-600, Hamilton, Reno, Nevada). Controls were treated 
with two 1 μl doses of acetone. When it was possible, acaricide treatment series included 
doses causing 0 and 100% mortality. Each treatment was replicated at least three times 
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using queens from different source colonies for each treatment date. After treatment 
queens were weighed to the nearest milligram using an analytical balance (Sartorius AG 
R160P, Goettingen, Germany). Virgin queens were then placed back into the same emer-
gence cage with a new cap (a brown cell cup; QC-110 Mann Lake Supply) and yellow cell 
cup holder (QC-125, Mann Lake Supply) and returned to a queen bank. Mortality was as-
sessed at 24 h, 48 h, and then every week for 6 wk after treatment. Immobile queens were 
scored as dead and removed from queen banks. 
Worker bioassays were conducted similarly to queens, but bees were treated with a sin-
gle microliter of acaricide or acetone and were kept in groups of 17–23 inside wax-coated 
paper cups (177 cm3) covered with bleached cotton cheesecloth. Groups of bees were fed 
1:1 sucrose-water in a punctured 1.5 ml Eppendorf tube and returned to the incubator. 
Acute mortality in both workers and queens, defined as mortality recorded at 24 or 48 
h after treatment, was analyzed by log-probit analysis in the R statistical environment (The 
R Development Core Team 2010) with MASS libraries (Venables and Ripley 2002). Lethal 
dose (LD) values with 95% CIs were calculated using Fieller’s method with correction for 
heterogeneity where appropriate (Finney 1971). Treatment series with >5% control mortal-
ity were removed from analyses. Fenpyroximate treatment was compared at the 48 h time 
point because of the relatively slow toxicity this compound shows in worker bees, while 
all other acaricides were compared at the 24 h time point. 
A comparison of long-term queen survival of treated queens, using only those queens 
surviving beyond 48 h, was performed against control queens by pairwise exact log rank 
tests using the “coin” library in R (Everitt and Hothorn 2006), which allow for comparisons 
between groups of different sizes. Significance cutoffs were corrected for multiple compar-
isons using the Bonferroni method. 
 
Results 
 
Toxicological statistics are reported as microgram toxin per gram of body weight to facili-
tate comparisons between castes with different masses (virgin queens = 180 mg and work-
ers = 108 mg). The relative toxicities of the five acaricides to workers were amitraz > 
fenpyroximate > tau-fluvalinate > coumaphos > thymol (Table 1). The relative toxicities of 
acaricides to queens were amitraz > tau-fluvalinate > thymol. No significant differences in 
mortality occurred between 24 and 48 h for each acaricide except fenpyroximate; therefore, 
only one value is reported in Table 1 for both workers and queens. Dose-response curves 
for queens could not be determined for fenpyroximate or coumaphos, as both compounds 
caused little mortality at 24 and 48 h time points at the highest doses that could be tested 
(1620 μg/g for fenpyroximate and 2700 μg/g for coumaphos). 
Twenty-four hours after exposure, queens were six times more tolerant of thymol and 
three times more tolerant of tau-fluvalinate than were workers (Table 1). Queens were at 
least 54 times more tolerant of fenpyroximate than workers, based on a comparison of the 
highest dose administered to queens and the 48 h worker LD50. Queens were at least 11 
times more tolerant than workers of coumaphos based on the highest dose administered 
to queens and the 24 h worker LD50. No difference in susceptibility to amitraz was observed 
between queens and workers.
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Table 1. Contact acaricide toxicity to honey bee virgin queens and workers 
Acaricide 
Time 
(hours) 
Queen  Workera Queen toxicity 
relative to 
workerc 
LD50 
(μg/g) CIb N slope ± SE χ2 df 
 LD50 
(μg/g) CIb N slope ± SE χ2 df 
Amitraz 24 21.8 (17.8–29.4) 36 6.13 ± 1.8 0.6 1  26.7 (17.8–36.6) 552 2.23 ± 0.35 26 7 0.816 
Coumaphos 24 >2700  14     241 (181.0–366.0) 283 4.27 ± 0.83 9.20 3 >11.2* 
Fenpyroximate 48 >1620  16     30.0 (24.7–36.0) 533 2.65 ± 0.24 9.59 6 >54.0* 
Tau-fluvalinate 24 586 (439–837) 90 2.35 ± 0.63 3.54 4  188 (155–242) 528 1.59 ± 0.18 4.71 5 3.11* 
Thymol 24 3240 (2680–4520) 74 4.04 ± 1.0 1.41 2  524 (401–666) 902 2.32 ± 0.27 34.18 8 6.18* 
Twenty-four and 48 h LD50 for five acaricides to 2- to 5-d-old virgin queens and 3- to 4-d-old worker honey bees shown. 
a. Worker data originates from within the same lab from the same source bees as queens throughout the summer 2010. 
b. CIs (95%) indicated with LD50 dose curve when possible. 
c. Worker and queen LD50 with nonoverlapping CIs are considered significantly different as indicated with an asterisk (*). 
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Kaplan-Meier survival estimates were plotted for each acaricide treatment level, as well 
as the control treatment for each group, with right-censoring of queens surviving beyond 
the 6-wk observation window (Fig. 1). No longevity data were collected for workers. 
Queens that had survived the initial 48 h after treatment with any dose of amitraz, couma-
phos, or tau-fluvalinate were as likely as control-treated queens to survive to 6 wk (Fig. 
1A–C). Queens receiving 2700 μg/g thymol were significantly less likely (P < 0.011) to sur-
vive from 48 h to 6 wk than controls, but other doses did not significantly affect the lon-
gevity of queens (Fig. 1D). Queens receiving fenpyroximate at any dose level were as likely 
as control queens to survive to 48 h (P = 0.17; Fisher Exact Test). However, queens receiving 
any dose of fenpyroximate >27 μg/g were significantly less likely than controls to survive 
the period from 48 h to 6wk (P < 0.0071; Exact Logrank Test) (Fig. 1E). 
 
Discussion 
 
This study showed that, when adjusted for differences in body weight, queens and work-
ers differ substantially in their tolerance of most acaricides, with queens tolerating higher 
doses of coumaphos, fenpyroximate, thymol, and tau-fluvalinate. This is not the first time 
that queens have been found to be more tolerant of pesticides than workers: the queen LD50 
for the organochlorine DDT was found to be 6.6 times higher than that of honey bee work-
ers (Graves and Mackensen 1965). These acaricides are presumed to kill arthropods 
through different modes of action (Johnson et al. 2010) and yet queens were found to be 
more tolerant of all acaricides, except amitraz, suggesting that queens possess a nonspecific 
mechanism of acaricide tolerance. 
In contrast to all other acaricides tested, queens and workers tolerate equal amounts of 
amitraz, indicating that any mechanism of nonspecific pesticide tolerance with which 
queens are endowed is not effective against this compound. Amitraz is an octopaminergic 
agonist in most arthropods. Octopamine is important for honey bee dance language (Bar-
ron et al. 2007), division of labor (Schulz and Robinson 2001, Barron and Robinson 2005), 
and kin recognition (Robinson et al. 1999), yet there are no reports that the use of amitraz 
as an acaricide alters social behavior in bees. The mode of action of amitraz against honey 
bees is unknown, however, amitraz has been shown to increase the frequency of cell death 
in larval midgut cells (Gregorc and Bowen 2000, Gregorc and Ellis 2011). In addition, un-
like most insecticides that possess an ester bond, amitraz has been suggested to be bioacti-
vated by hydrolysis (Schuntner and Thompson 1978, Knowles and Gayden 1983). As a 
consequence, differences in hydrolytic enzyme activity between queen and worker castes 
may contribute to differential sensitivity among the compounds tested. Nonspecific mech-
anisms of pesticide tolerance may include nutritional state, sequestration, detoxification 
and clearance, or tolerance of pesticide induced stress. Each possibility is explored in the 
next few paragraphs. 
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Figure 1. Kaplan-Meier survival curves for five acaricides applied to 3-d-old virgin 
queen honey bees. Acaricides included (A) amitraz, (B) coumaphos, (C) tau-fluvalinate, 
(D) fenpyroximate, and (E) thymol. Vertical lines indicate the 48 h timepoint. Line styles 
represent queen mortality for acaricide dose (μg/g). The number of queens treated for 
each dose is given in parentheses after the dose in μg/g. In general, mortality increased 
with increased acaricide dose except when treated with (D) fenpyroximate. 
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Feeding on high quality pollen from diverse plant sources is known to decrease the sus-
ceptibility of adult bees to pesticides (Wahl and Ulm 1983) and diseases (Alaux et al. 2010). 
Some of the difference between workers’ and queens’ susceptibility to acaricides may be 
because workers in this experiment were maintained in an incubator, without access to 
any protein source, while queens were maintained in queen banks and were likely fed 
protein by attending worker bees. Thus, the superior queen adult diet may be responsible 
for some of the reduced acaricide susceptibility observed in queens. 
In insects, the fat body serves many vital functions (Arrese and Soulages 2010) and it is 
therefore not surprising that longevity mechanisms occur within the fat body (Hwangbo 
et al. 2004). Winter worker bees have greater dry weight, protein, and fat content (Kunert 
and Crailsheim 1988) and live significantly longer (3–5 mo) than summer workers (≈30 d). 
Queens, which can live several years, are generally more tolerant of acaricides, and it is 
possible that queens have greater capacity to sequester or metabolize these acaricides. The 
insect fat body functions in insect immune response and is analogous to the mammalian 
liver and adipose tissue (Canavoso et al. 2001), serving functions of xenobiotic metabolism, 
sequestration, and energy storage. 
Nonspecific mechanisms that may allow queens to tolerate higher levels of coumaphos, 
tau-fluvalinate, thymol, and fenpyroximate may be elucidated through finding similarities 
in how these compounds are managed in vivo in honey bees. Coumaphos, tau-fluvalinate, 
and possibly thymol all upregulate cytochrome P450 genes within the honey bee (Mao et 
al. 2011, Boncristiani et al. 2012). Coumaphos is an organophosphate. Organophosphates 
as a class of insecticides are dependent on cytochrome P450s for activation. Johnson et al. 
(2009) suggested that both coumaphos and tau-fluvalinate are detoxified by cytochrome 
P450 and carboxylesterases in honey bees. Using heterologously expressed honey bee cy-
tochrome P450s, Mao et al. (2011) found both coumaphos and tau-fluvalinate are indeed 
metabolized. In insects, cytochrome P450s are expressed in the midgut, fat body, Malpigh-
ian tubules, nervous tissue, corpora allata, glands, and antennae with the midgut often 
expressing the highest level of activity. There are at least three midgut cytochrome P450 
enzymes responsible for the detoxification reactions catalyzed in workers: CYP9Q1, 
CYP9Q2, and CYP9Q3 (Mao et al. 2011). CYP6S14 upregulation was triggered in workers 
by thymol treatment with Apistan (Boncristiani et al. 2012). Cockroaches have been 
demonstrated to have age-dependent changes in levels of cytochrome P450s (Turnquist 
and Brindley 1975). Paralleling this hypothesis, Valles et al. (1994 and 1996), demonstrated 
that male cockroaches were more susceptible to insecticides than older male and female 
nymphs. Adult males were found to have decreased cytochrome P450 content and meth-
oxyresorufin O-demethylase and ethoxyresorufin O-deethylasein activities in comparison 
with the more tolerant nymphs (Valles et al. 1996). Likewise, it is possible that bees could 
have caste-dependent changes in levels of cytochrome P450s, with queens having higher 
titers than workers. 
Finally, differences between queen and worker tolerance may be because of a greater 
tolerance of pesticide-induced stress. Honey bee queens have been shown to tolerate 
higher levels of pesticide-induced oxidative stress than worker bees (Corona et al. 2007). 
One potential commonality between coumaphos, tau-fluvalinte, fenpyroximate, and thy-
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mol is that all may cause oxidative stress. Oxidative stress induced by pesticides is charac-
terized by oxygen free radical formation, induction of cytochrome P450s, alteration in an-
tioxidant enzymes, and a glutathione redox system (Banerjee et al. 2001). Therefore, one 
hypothesis is that queens are able to tolerate greater amounts of each of these pesticides 
because of their intrinsic ability to tolerate higher levels of reactive oxygen species. 
The ability for queens to tolerate greater oxidative stress than workers may come from 
differences in the fatty acid composition of their respective membranes (Haddad et al. 
2007). Newly emerged workers and queens, which have less polyunsaturated and more 
monounsaturated fatty acids, were found to be more resistant to peroxidation than other 
workers (Haddad et al. 2007). Monounsaturated phospholipids are less susceptible to pe-
roxidation than polyunsaturated phospholipids. It may be that queens maintain a low ratio 
of peroxidation-susceptible polyunsaturated fats throughout life through consumption of 
a filtered diet of jelly, which has been shown to contain little to no polyunsaturated fats, 
provided to them by workers (Haddad et al. 2007). 
As postulated by Amdam and Omholt (2002), it is possible that vitellogenin plays a role 
in the tolerance of xenobiotics. Worker lifespan is known to be influenced by the synthesis 
of vitellogenin, a glyco-lipoprotein produced in the fat body (Seehuus et al. 2006). Vitello-
genin is a female-specific yolk precursor in many oviparous species that functions in honey 
bees in brood food production (Seehuus et al. 2007), regulation of foraging behavior, lon-
gevity independent of behavior (Nelson et al. 2007), as an antioxidant (Seehuus et al. 2006) 
and in enhancing innate immunity (Amdam et al. 2004, 2005). Vitellogenin has been shown 
to affect adult longevity of both queens and workers (Amdam et al. 2009), partially because 
of its free-radical scavenging capacity (Seehuus et al. 2006). In addition, vitellogenin com-
poses up to 50% of the total hemolymph protein in queens (Engels et al. 1990), a 20-fold 
higher concentration than in summer workers (Engels et al. 1990, Corona et al. 2007). If 
acaricide exposure causes oxidative stress in bees, as pesticide exposure does in mammals 
(Abdollahi et al. 2004), then the greater tolerance to acaricides exhibited by queens may be 
mediated by the antioxidant capacity of vitellogenin. 
Fenpyroximate administered at doses as high as 2,700 μg/g caused little mortality in 
queens observed for 48 h. However, fenpyroximate treatment at doses as low as 54 μg/g, 
or 9.7 μg/queen, caused a significant reduction in queen survival over the subsequent 6 
wk. This acaricide functions as an inhibitor of energy metabolism in the mitochondria 
through interactions with complex I (Motoba et al. 2000). In mammalian neuroblastoma 
cells, fenpyroximate and other complex I mitochondrial inhibitors cause ATP depletion, 
and cell death, possibly through generation of reactive oxygen species (Sherer et al. 2007). 
The effects of fenpyroximate on queen longevity is of particular practical concern as it is 
quite plausible that queens could encounter fenpyroximate at this level if the formulated 
product, Hivastan, which contains 67.5 mg fenpyroximate in a patty formulation, is used. 
Finally, clues to the high xenobiotic tolerance of queens as compared with workers may 
be elucidated through comparing gene expression between the two castes. To date, there 
are many genes of unknown function that are upregulated in queen castes of hymenoptera. 
Here we discuss those genes with known or hypothesized functions. Studies comparing 
gene expression between worker and queen castes have found multiple upregulated genes 
in queens associated with oxidative pathways, mitochondrial genes, and insulin signaling 
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(Grozinger et al. 2007). Honey bee larval studies showed queens express significantly 
higher Locus 1CB6, including hexamerins and arylphorins (Evans and Wheeler 1999) and 
increased AmIF-2mt mRNA, suggesting increased mitochondrial translation in queens 
(Corona et al. 1999). Honey bee caste gene family expression differences included oxidore-
ductases (metabolism), peptidases (immune function), mitochondria (metabolism), and 
defensins (immune function) (Grozinger et al. 2007). Studies comparing gene expression 
between worker and queen castes in ants found significant upregulation in queen genes 
hypothesized to be involved with immune defense (Graff et al. 2007); however, this was 
not the case in bumble bees (Pereboom et al. 2005). Pereboom et al. 2005 did find significant 
upregulation of electron transport genes in queens. Apparently absent from all of these 
findings are genes encoding detoxification functions, which may indicate that the mecha-
nism of queen tolerance is not linked to the capacity of carboxylesterases or cytochrome 
P450s. 
Understanding the differences in how queens and workers respond to toxins may facil-
itate the design and discovery of acaricides that are tolerated by bees. Reciprocally, it may 
also provide insight into target traits for selecting bees that are better able to tolerate expo-
sure to toxins. The assessment of the response of individual virgin queens to toxicants re-
quires more time and resources than assessing worker bee responses but is still far easier 
than assessing queen survival in a whole-colony setting. Our results indicate that this is a 
valuable field of inquiry and will likely increase our understanding of molecular, meta-
bolic, and endocrine processes of how honey bees and social insects deal with chemical 
stressors in their environment. The increased understanding of pesticide interactions 
within the honey bee may also lead to alleviation of current health problems seen in honey 
bees around the world. 
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